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In August 2002, there was high seismic activity in Afar concentrated at the plateau margin of the northern Ethiopian rift east of Mek-
ele, near the western part of the Danakil microplate. The spatial and temporal distributions of this seismic activity over four weeks indi-
cate the NNW propagation of the Gulf of Aden rift across the Afar Depression towards the western Ethiopian plateau. Fault plane
solutions for six larger earthquakes from the August 2002 sequence are estimated from moment tensor inversion of local broadband
waveform data. The results show only normal faulting on NNW trending and NE dipping faults, which agree with tectonics of the area
and distribution of aftershocks. No strike-slip component is observed in any of our fault plane solutions or those of other workers includ-
ing Harvard CMT solutions in the region. Such motion would be indicative of oblique-slip deformation between the Nubian plate and
the Danakil microplate consistent with counter-clockwise rotation of the microplate. Hypocentral depths of well-constrained events are
5–7 km, which is the approximate elastic plate thickness in the Main Ethiopian rift, possibly indicating the depth to the brittle–ductile
transition zone in this part of the Afar Depression. The shallowness of the depth estimates agree with the macroseismic reports available
from a wide area in northern Ethiopia. Potential future shallow crustal deformation may cause significant loss of human life and damage
to property in the densely populated highland region around Mekele unless measures are taken in improving building standards. The
b-value for this sequence is estimated to be 0.66 using a least squares fit, while it is 0.67 ± 0.16 from a maximum-likelihood approach.
This estimated b-value is low or the frequency of occurrence of relatively larger magnitude events is high indicating that it is a highly
stressed region as evidenced by the recent increase of the seismicity in the area.
 2007 Elsevier Ltd. All rights reserved.
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The Afar Depression is a diffuse extensional province in
the region where the Gulf of Aden, the Red Sea and the
Main Ethiopian rift approach one another (Fig. 1a). The
three extensional plate boundaries are different in age (Bar-
beri et al., 1972; Cochran, 1981; Manighetti et al., 1998;
Wolfenden et al., 2004) and divergence rate (Chu and Gor-
don, 1998; Bilham et al., 1999) but each tends to extend1464-343X/$ - see front matter  2007 Elsevier Ltd. All rights reserved.
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E-mail address: atalay@geobs.aau.edu.et (A. Ayele).oblique to its strike (Joffe and Garfunkel, 1978; Boccaletti
et al., 1994, 1998; Dauteuil et al., 2001; Huchon and Khan-
bari, 2003). Several studies show that the Red Sea and the
Gulf of Aden oceanic rifts are propagating on land in Afar
(e.g. Courtillot, 1980, 1982; Acton and Stein, 1991; Mani-
ghetti et al., 1997, 1998, 2001; Fig. 1a) as a result of the sep-
aration of Arabia from Africa and the quiescence of the
Bab El Mandeb in geologically recent times (Barberi
et al., 1975; Figs. 1b and 4). The rheology of the lithosphere
beneath the Afar Depression is weakened by one or more
mantle plumes (Ebinger and Sleep, 1998; White and
McKenzie, 1989) though the origin and present day location
Fig. 1. (a) Gray color plot of the topography of the Afar triple junction. The white triangles represent the EAGLE temporary seismic broadband array
and the black triangles show the permanent station locations in the region used in this study. The larger white star represents the location of Mekele town.
AD, Afar Depression; GT, Gulf of Tadjoura; NUB, Nubia plate; SOM, Somalia plate; ARB, Arabia plate; MER, Main Ethiopian rift. The black circles
show earthquakes distribution of the August 2002 activity located in this study. (b) Seismicity of the Djibouti and Gulf of Tadjoura area of August, 2002
as reported in the Arta seismic bulletin.
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the Red Sea and Gulf of Aden rifts into Afar is in good
agreement with the hypothesis that rifting occurring close
to the boundary between continental and oceanic crust
preferentially forms on continental crust because of its rhe-
ological weakness (Vink et al., 1984; Mu¨ller et al., 2001).
The interaction of three oblique rifts in a plume-affected
lithosphere has resulted in complex tectonics in Afar, mak-
ing deformation so distributed that rigid plate kinematics
may not currently apply in the interior of Afar. The Red
Sea and Gulf of Aden rifts have penetrated into Afar where
they are now actively opening and propagating through the
development of a series of disconnected rift segments (e.g.
Barberi et al., 1972; Manighetti et al., 1998). At a smaller
scale, deformation in Afar seems to have involved the rota-
tion of at least two microplates (Danakil and Ali Sabieh
blocks) sandwiched between the three major plates (Chu
and Gordon, 1998; Eagles et al., 2002). From plate recon-
structions, the Danakil microplate is inferred to have been
part of Nubia at ca. 11 Ma, and since then to have rotated
counter-clockwise about a pole at 19N and 42E (Chu and
Gordon, 1998; Eagles et al., 2002). This model implies obli-
que-slip to strike-slip motion along the Danakil micro-
plate’s boundary with the Nubia plate and all along the
Tendaho-Gobaad discontinuity in the Afar Depression.
From radar interferometeric measurement of ground
surface displacement (Amelung et al., 2000), significant
deformation of about 12 cm subsidence is observed in Erta
Ale, one of the active volcanoes in Ethiopia. These pro-
cesses are postulated to result from a combination of
magma withdrawal from a large reservoir and normal
faulting. This was the only identifiable deformation event
during the period June, 1993 to October, 1997 in the
80 km long Erta Ale volcanic range, indicating consider-
able inactivity elsewhere in the range (Amelung et al.,
2000). West of Erta Ale at the plateau margin, there were
two periods of earthquake activity in August, 2002 and
October, 2004.
Starting on August 7, 2002, the Mekele area was shaken
by a series of earthquakes that occurred near the western
margin of the Danakil microplate. The activity continued
until the end of the month and the larger earthquakes were
widely felt in several towns in northern Ethiopia (Beyeda,
Jane-Amora, Adigrat, Woldia) and Asmara in Eritrea,
causing panic in particular in Mekele town. The magnitude
of the main shock is estimated to be 5.6 Mw from our
study. The objective of this paper is to study the August
2002 events, which formed the more significant of the
two earthquake sequences mentioned above, and to inter-
pret the results so as to shed light on the neotectonics of
the Danakil microplate.
2. Data and methods
The earthquake sequence considered in this study was
captured by the temporary Ethiopia Afar Geoscientific
Lithospheric Experiment (EAGLE) phase I broadbandnetwork and other permanent seismic stations in Ethiopia,
Djibouti and Eritrea (Fig. 1a). Most of the seismic stations
used in the location lie to the south while the two Eritrean
stations to the north are the nearest to the epicentral region
(Fig. 1a). Earthquake locations and relocations are made
using the Hypoinverse 2000 (Klein, 2002) and hypoDD
(Waldhauser and Ellsworth, 2000) programs, respectively.
A well-constrained 1-d velocity model (Daly et al., 2004)
using the EAGLE controlled source experiment is used
for locating earthquakes. To estimate the earthquake
source parameters, we modeled the three component dis-
placement waveforms from two or more stations, begin-
ning with the first P-wave arrival and continuing through
the surface wave train. Aligning at the first P-arrival and
bandpass filtering in the range of 20–65 s both the observed
and synthetic seismograms help to reduce our solution
dependence on source location, origin time, and the
assumed Earth model. In this bandwidth, almost all the
data from the local stations have good signal-to-noise ratio
both for the body and surface waves (Figs. 3a–c). Using
complete waveforms from stations located at various azi-
muths and distances from the source (Fig. 1a) enables a
robust estimate of source parameters. We made a time
domain linear inversion with a least squares approach
(Langston, 1981; Ammon et al., 1998). Green’s functions
used in the inversion were calculated using the reflection-
matrix method (Kennett, 1983) as implemented by Randall
(1994). We used the same 1-d crustal structure model
implemented for earthquake locations to generate the
Green’s functions.
The local magnitude, ML, for each of the earthquakes in
the sequence is estimated using the relation presented by
Langston et al. (1998). The b-value is estimated for the
earthquakes in the Mekele area, in the neighborhood of
the black rectangle displayed in Fig. 1a using the maximum
likelihood approach (Aki, 1965) and least squares to give
an idea of the stress status of the seismogenic zone (Scholz,
1968). The b-value estimate by Hofstetter and Beyth (2003)
for the area is 1.05 but calculated from only seven earth-
quakes with narrow spread in magnitude.
3. Results and interpretation
Earthquake locations, moment tensor inversions and b-
value estimates are made for the August, 2002 earthquake
sequence in north Afar.
3.1. Earthquake locations
From the August 2002 seismicity considered in this
study, 75 earthquakes are associated with the plateau mar-
gin of the rift east of Mekele and the remaining 57 events
are distributed in other active rift segments of the Afar
region, mostly in the Gulf of Tadjoura (Fig. 1a). Because
of the lack of data from Djibouti and Yemen, the Gulf
of Tadjoura events are not well-constrained by our location
but the Arta array bulletin for that month shows a clear
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temporal distribution of this month-long period of major
earthquake activity in the Afar region seem to indicate
the northwestward propagation of the Gulf of Aden rift
across the Afar Depression towards the western Ethiopian
plateau. Only a few events in the Mekele area qualified to
be relocated using the double-difference technique (Wal-
dhauser and Ellsworth, 2000). Our relocated events are
concentrated closer to the rift floor than the corresponding
United States Geological Survey (USGS) locations, which
are scattered toward the plateau (Figs. 2a and b).
3.2. Moment tensor inversion
Extensional fault plane solutions are obtained for the six
larger earthquakes as estimated from moment tensor inver-
sion of local broadband waveform data (Fig. 2a). A good
waveform fit is obtained for the observed and synthetic
seismograms (Figs. 3a–c). The seismic activity close to
the rift margin east of Mekele town could be induced byFig. 2. (a) Plots of the six fault plane solutions determined in this study. Whit
events, black circles: our locations. (b) Plots of earthquakes that qualified to
(right) relocation. (c) Waveform plots of the P-wave group for the main shock
main shock is used as reference for the plots to all stations which are also at diff
station INEE to waveform similarities of the different events.either the NS trending border faults related to the Red
Sea opening (Wolfenden et al., 2004) or by the NNW-
trending faults related to the Gulf of Aden rift (e.g. Mani-
ghetti et al., 2001). We plotted the P-wave group of the
broadband displacement seismograms (Fig. 2c) for five
seismic stations at different azimuths from the main shock
on August 10, 2002, expecting that the amplitude of the P-
wave arrival will indicate if a station is nodal or not. Sta-
tion GTFE would be expected to be nodal if the rupture
were induced by a NS trending fault but doesn’t appear
to be. On the contrary it is clear to see that one nodal plane
passes between stations ATD in Djibouti and ALE
(ALME) on the eastern Ethiopian plateau (Figs. 1a and
2c), at azimuths of 125 and 152, respectively. This nodal
plane, which seems to be the fault plane, passes close to sta-
tion ATD. The distributions of the relocated events
(Fig. 2b) show that the earthquakes ruptured on multiple
faults trending NNW, consistent with tectonics of the area.
Of the six earthquakes studied with moment tensor
inversion, the P-wave group of the broadband displace-e star: location of Mekele town, white circles: USGS locations for the six
be relocated using the double-difference technique before (left) and after
as recorded at five stations and different azimuths. The origin time of the
erent distances. (d) The P-wave group plot of the six events as recorded at
Fig 2. (continued)
74 A. Ayele et al. / Journal of African Earth Sciences 48 (2007) 70–79ment seismograms for station INEE is plotted in Fig. 2d.
The plots are arranged chronologically as listed in Table
1 but the start time of the main shock is assumed for all
the traces so as to synchronize the waveforms in the figure.
It is clear that all the waveforms are similar except for the
August 10, 2002 aftershock indicating a similar rupture
process. The August 10, 2002 aftershock has similar focal
mechanisms to the others (Fig. 2a) but its waveform is
slightly different. This event occurred an hour after and
very close to, the main shock and the rupture process mightbe contaminated by transient seismic signals from the pre-
vious rock failure.
A summary of all our results (Figs. 2a–d) shows purely
normal faulting on NNW trending and northeast dipping
faults. Our results are consistent with previous work in
the Bada area by Ghebreab and Solomon (1994) based
on field observations of surface ruptures formed by the
1993 earthquake sequence and the corresponding Harvard
CMT solution for the main shock. The October 22, 2004
earthquake occurred close to the 1993 event location and
Fig. 3. Waveform fits of the observed and synthetic seismograms for the 2002/08/10_15 event: (a) vertical, (b) radial and (c) transverse components.
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others (Fig. 4, Table 1). No strike-slip component is
observed in any of the fault plane solutions in our results
to indicate oblique deformation between the Nubian plate
and the Danakil microplate, as would have been expected if
the microplate were rotating counter-clockwise with
respect to the Nubian plate (Chu and Gordon, 1998; Eagles
et al., 2002). This could be due to coupling of the Danakil
horst with the Arabian plate at present and the major
extensional deformation is taking place in Afar, which con-nects the Gulf of Aden and Red Sea oceanic rifts. There
seems to be some seismic activity in the southern Red
Sea (Fig. 4) but it attenuates southward and its regional
significance may be minimal. This may mean that either
Danakil-Arabia plate coupling is in the making or large
strike-slip earthquakes are expected to happen in the future
in Afar to justify the counter-clockwise rotation of the
Danakil microplate and many have not yet been recorded
except one in the 1969 Serdo sequence (Fig. 4). Hypocen-
tral depths of the well-constrained events from the moment
Table 1
Source parameters for the six large earthquakes of the August 2002 in north Afar
No. Date Origin time Latitude Longitude Depth (km) Mw Strike Dip Rake
1 2002/08/08 21:17:08.36 13.5061 39.9798 5 5.0 312/146 56/44 260/79
2 2002/08/10 12:01:18.68 13.8650 40.0653 6 4.4 361/196 39/51 258/80
3 2002/08/10 15:55:58.41 13.5475 40.0582 7 5.6 322/172 41/53 246/71
4 2002/08/10 16:45:52.88 13.4892 40.0193 6 4.6 296/145 55/39 249/63
5 2002/08/14 20:49:22.56 13.5665 40.1098 5 4.5 363/210 35/58 247/74
6 2002/08/25 06:02:29.12 13.4884 39.8645 6 4.4 317/143 46/43 265/85
7* 2004/10/22 12:00:14.30 14.4100 40.2500 12. 5.4 326/170 53/40 255/71
The last list (*) indicates CMT solutions for the source parameters of the October 22, 2004 earthquake.
Fig. 4. Summary of all fault plane solutions in the specified spatial window from this study, Shudofsky (1985), Foster and Jackson (1998), Braunmiller and
Nabelek (1990), Ayele et al. (2006), Keir et al. (2006) and Harvard CMT solutions. The beach-ball size is proportional to earthquake magnitude and other
acronyms are as specified in Fig. 1a.
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depth of the brittle–ductile transition zone in the Main
Ethiopian rift (Ebinger and Hayward, 1996; Keranen
et al., 2004; Ayele et al., 2006).
Fig. 4 summarizes all post-1960 seismicity in the region
for magnitudes mbP 4.5, from this study, Ayele (1995),
the USGS catalogue, Shudofsky (1985), Foster and Jack-
son (1998), Braunmiller and Nabelek (1990), Ayele et al.
(2006), Keir et al. (2006) and Harvard CMT solutions.
The mbP 4.5 seismicity is chosen to minimize location
uncertainty in the region. The Red Sea and Gulf of Aden
spreading centers have been propagating toward one
another for some time but have not yet directly connected
although extension patterns reminiscent of both have
developed in Afar through the development of a series of
disconnected, propagating rift segments (e.g. Manighetti
et al., 1997). The Red Sea related rifts are Erta ‘Ale,
Tat’Ali, Alayta, Manda Hararo and Goba’ad while the
Gulf of Aden related ones are the Tadjoura, Asal-Goubbet,
Mak’arrasou and Manda Inakir rifts (Manighetti et al.,
2001). If we compare these two groups, the Gulf of Aden
group is more active than the Red Sea group (Fig. 4). As
shown above in our data, the recent seismic activity near
the western part of the Danakil microplate occurs on faults
with an orientation similar to the NNW propagation of the
Gulf of Aden rift.
We projected the summary of all fault plane solutions
on Fig. 4 to see the dominant mode of deformation in
the region and extract a simple working model. With the
exception of sinistral strike-slip motion in southern Red
Sea, dextral oblique-slip deformation in the Gulf of Tadjo-
ura and one in the Serdo earthquake sequence of 1969, theFig. 5. Log normal plot of the cumulative number of earthquakes versus ear
magnitude distribution curve. The threshold magnitude is 2.9 Ml.boundaries of the Danakil microplate appear to be under-
going only extensional deformation, which demands differ-
ential motion along its boundary with the Nubian plate
both at the plateau margin and in the Afar Depression.
There is clear evidence for the counter-clockwise rotation
of the Danakil microplate in its geologic past (Chu and
Gordon, 1998; Eagles et al., 2002) which is not consistent
with recorded seismicity in Afar (Fig. 4), and this invites
more earthquake data analysis and GPS measurements in
Nubia, Danakil and Arabia plates in coming years.
Most of the earthquakes in Afar occur at shallow depths
of <10 km. At teleseismic distances, the sP phase amplitude
of those shallow earthquakes dominates the direct P and
their arrival time difference is about 1–2 s. The sampling
frequency of analog seismograms for long period signal
analysis is 1 Hz, which is almost the travel time difference
of direct P and the surface reflected sP phases. It is very
likely that the sP phase could be confused with the direct
P, especially for seismograms from WWSSN stations,
which would result in faulty earthquake source mecha-
nisms. The 1969 Serdo earthquakes are known to have
strike-slip mechanisms (Mckenzie et al., 1970; Kebede
et al., 1989) but, after thorough waveform analysis, some
of them proved to be normal faults (Wagner and Langston,
1988; Foster and Jackson, 1998).
3.3. b-Value
A b-value is estimated for the August, 2002 earthquake
sequence in north Afar using the maximum-likelihood
approach (Aki, 1965) and least squares fitting (Fig. 5).
The b-value is estimated to be 0.66, as shown by the slopethquake magnitudes. The curve is the least squares fit for the frequency–
78 A. Ayele et al. / Journal of African Earth Sciences 48 (2007) 70–79of the curve in Fig. 5, and this estimate is within the stan-
dard error of the maximum likelihood estimate of
0.67 ± 0.16. Our b-value estimate is lower than 1.05
obtained by Hofstetter and Beyth (2003) for the area from
a less reliable data, indicating that the frequency of occur-
rence of relatively large magnitude earthquakes is higher
than average, in turn implying that the Ethiopian plateau
margin near the western part of the Danakil microplate is
highly stressed.
4. Summary
Our fault plane solutions for six earthquakes studied
from moment tensor inversion of local waveform data
show normal faulting on NNW trending and ENE dipping
normal faults. From the trend of our location for the
August, 2002 earthquake activity in the Afar region, it
seems that extension in this part of Afar is on faults related
to the NNW propagation of the Gulf of Aden rift. From a
summary of all fault plane solutions in the Afar region
including our results, it is clear that there is no strike-slip
motion at the boundary of the Danakil microplate except
in the southern Red Sea and Gulf of Tadjoura, where the
Red Sea and Gulf of Aden oceanic rifts enter into the Afar
Depression, respectively. The extension in the Afar Depres-
sion is distributed and a rigid plate boundary is still in the
making.
The shallowness of the earthquake depths agrees with
reports of the widely felt seismicity in northern Ethiopia
and the b-value estimate in this study shows that the pla-
teau margin adjacent to the Danakil microplate is highly
stressed. Potential future shallow crustal deformation and
associated earthquakes could cause significant loss of
human life and damage to property in the highly populated
highland region of the Mekele area unless measures are
taken to enforce the existing building code for earthquake
resistant structures.
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